Introduction
[2] Sedimentary records have demonstrated an intimate link between past changes in global climate and the biogeochemical dynamics of the subarctic Pacific [e.g., Haug et al., 1999; Sancetta and Silvestri, 1984] . Perhaps most notably, the accumulations of biogenic opal and Ba in subarctic sediments were significantly lower during globally cold periods, and show remarkable correlations with Antarctic temperatures on glacial-interglacial timescales [Jaccard et al., 2005; Kienast et al., 2004; Narita et al., 2002; Nü rnberg and Tiedemann, 2004; Shigemitsu et al., 2007] . Although debate persists on the characteristics of productivity changes across glacial terminations (H. Gebhardt et al., Paleonutrient and productivity records from the subarctic North Pacific for Pleistocene glacial terminations I to V, submitted to Paleoceanography, 2007, hereinafter referred to as Gebhardt et al., submitted manuscript, 2007) , most authors have interpreted the paleoproduction proxies as indicating a positive correlation between high-latitude temperature and export production in the subarctic Pacific. In addition, Brunelle et al. [2007] have used nitrogen isotopic measurements to argue that in the Bering Sea, where nitrate concentrations are now perennially high (Figure 1 ), nitrate utilization was more complete during the last glacial period. Mechanisms that might explain aspects of these observed relationships have been suggested, including the alleviation of iron limitation by enhanced glacial dust flux [Martin, 1990] and a decrease of nutrient supply due to reduced exchange between surface and subsurface waters [Jaccard et al., 2005] . However, the general relationships between the subarctic Pacific ecosystem and global climate remain equivocal .
[3] Here, new data are presented from three core sites located on seamounts at 2.3 to 3.6 km water depth (Figure 1 ) in order to investigate the past nitrogen isotope dynamics of the open subarctic Pacific. We use the isotopic composition of nitrogen protected by diatom frustules to evaluate the impact of diagenesis on bulk combustible N. Subsequently, we compare the bulk N isotopic measurements to previously published records from elsewhere in the North Pacific. This comparison leads us to introduce a novel correction, intended to eliminate multimillennial temporal changes in the isotopic balance of the North Pacific wrought by variable denitrification. The residual is interpreted to vary as a function of relative nitrate utilization, i.e. the fraction of upwelled nitrate that is consumed on an annual basis. The results reveal a remarkably consistent link between global climate and relative nitrate utilization at the subarctic Pacific surface.
Methods
[4] The new measurements presented here were made on three deep-sea sediment cores from the subarctic Pacific (Figure 1) . The sites are all located on the flanks of seamounts, well above the turbidite fans that blanket much of the North Pacific seafloor. The eastern site (ODP 887) lies on the Patton-Murray seamounts, $300 km SE of the broad Alaskan Shelf, beneath the Alaska Gyre [Whitney et al., 2005] . The two western sites (ODP 882 and MD 2416) lie >500 km SE of the narrow Kamchatka shelf, on opposite sides of the Detroit Seamount, beneath the domal upwelling of the western subarctic Gyre. All cores consist of hemipelagic sediment with highly variable abundances of biogenic detritus, ice rafted debris, and fine mud. Carbonate preservation in all cores is sporadic and strongly related to climate cycles [Jaccard et al., 2005; Gebhardt et al., submitted manuscript, 2007] .
[5] Diatoms were separated from decarbonated bulk sediments by flotation in a dense solution of sodium polytungstate, following Sigman et al. [1999a] as described by Galbraith [2006] . Unprotected N was removed by oxidation in perchloric acid as described by Brunelle et al. [2007] , and diatom-bound 15 N/ 14 N was measured at Princeton University using the persulfate-denitrifier method [Robinson et al., 2004] . While no replicate analyses were made for this study, previous work showed a standard deviation among replicates of 0.3% (1s) [Brunelle et al., 2007] . For bulk measurements, fresh samples were freeze-dried and thoroughly ground in an agate mortar to ensure homogenization. N) air À 1)* 1000%. The standard deviation of repeat bulk measurements was approximately 0.3% (1s).
[6] The age model for ODP site 887 is based on twelve calibrated radiocarbon ages over the past 25 ka, measured on mixed planktonic foraminifera (dominated by Globigerina bulloides and Neogloboquadrina pachyderma) as discussed by Galbraith et al. [2007] . The ages of older sediments were estimated by visual correlation of benthic foraminiferal d
18
O (from McDonald [1997] ) to the benthic stack of Lisiecki and Raymo [2005] , as shown in Figure 2 and described by Galbraith [2006] . The age model for ODP site 882 was generated by correlating high-resolution XRF Figure 1 . Summer nitrate concentrations at the subarctic Pacific surface. Average nitrate concentrations are shown for the sea surface in July -September by color shading and contour lines, labels in mM [Conkright et al., 2002] scanner Ba/Al measurements to the the Vostok dD record over the past 150 ka, as described by Jaccard et al. [2005] , modified over the most recent 30 ka to incorporate two planktonic foraminifera radiocarbon ages [Galbraith et al., 2007] . The Ba/Al correlation to Antarctic temperature was extended prior to 150 ka by tying the calculated ODP 882 Ba/Al record to the European Project for Ice Coring in Antarctica (EPICA) dD record at 16 additional points (Figure 3 ). Given that Ba measurements were not available for MD2416, the age model was generated by correlating high-resolution XRF scanner Ca measurements between ODP 882 and MD2416 (Figure 3 ). The resulting age-depth relationships are shown in Figure 4 . We note that Gebhardt et al. (submitted manuscript, 2007) use an alternate age model, with significantly larger variations in sedimentation rate. These variations are caused by the use of many more stratigraphic tie points, that were drawn by visual correlation of down core 14 C records to the reconstructed atmospheric 14 C history [Sarnthein et al., 2004 [Sarnthein et al., , 2007 , and by correlating magnetic paleointensity and benthic d 18 O records to various reference curves [Kiefer et al., 2001; Sarnthein et al., 2005 Sarnthein et al., , 2006 . In order to obtain maximum chronological consistency between the cores used for this study (including previously published records) we use only the minimally constrained, EPICA-based age model here. However, our general results are consistent with both MD2416 age models. We assume that, at our deep-sea sites, this measurement includes very little inorganic and terrestrial nitrogen, and is therefore representative of marine organic N exported from the subarctic surface. Sediments on continental slopes commonly record the d 15 N of exported marine organic matter with little ''diagenetic'' isotopic alteration during sinking and sedimentation [Altabet et al., 1999; Ganeshram et al., 2000; Thunell et al., 2004] . However, it is generally thought that diagenetic alteration is more pronounced in deep-sea sediments, such as those presented here. Therefore, our first concern is to address the possibility that diagenesis plays a strong role in our down core records. In order to gauge the degree to which the d 15 N bulk may diverge from the d 15 N of phytoplankton exported from the surface, the d 15 N of organic matter preserved within diatom frustules was measured at a number of depths within two of the sediment cores and compared to d 15 N may reflect a contrast between the isotopic composition of the integrated community export and that of diatoms, which could arise from changes in community composition and/or trophic cycling [Galbraith, 2006; Montoya, 1994] . Alternatively, the amplitude of the d 15 N bulk signal may have been muted relative to the d 15 N of exported organic matter by changes in the degradation of unprotected N over time, or because of the presence of an additional, relatively invariant N pool such as clay-bound N [Schubert and Calvert, 2001] . Regardless, the general agreement between diatom-bound and bulk N suggests that the imprint of diagenesis, although certainly present, is of secondary importance in generating down-core variability, such that the primary down core signal represents the d 15 N of organic matter exported from the surface above.
Exported Organic Nitrogen
[9] The d 15 N of exported organic matter can be viewed as a function of two independent factors. The first is the d [Liu et al., 1996] , and the residual nitrate emanating from regions of water column denitrification, which is relatively enriched in 15 N [Brandes and Devol, 2002; Cline and Kaplan, 1975; Deutsch et al., 2004] . The second factor is the degree to which the d 15 N of exported organic matter differs from that of d 15 N nitrate . This has been shown to be controlled, to first order, by the annually integrated degree of relative nitrate utilization. [Altabet and Francois, 1994; Needoba et al., 2003; Sigman et al., 1999b] . In much of the global ocean nitrate consumption is essentially complete, so that the nitrate utilization signal disappears and the d 15 N of exported organic matter is equal to d 15 N nitrate [Altabet et al., 1999; Thunell et al., 2004] . In most of the modern subarctic Pacific, however, nitrate consumption is perennially incomplete (Figure 1) N variability at a given site, the possibility that both have varied strongly in the subarctic Pacific during the past 500 ka demands a more nuanced analysis. Hendy et al., 2004; Kienast et al., 2002] 60 ka. At the same time, it suggests that geographically independent variations in relative nitrate utilization at all three sites were minor over the last 60 ka, so that the regional d
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15 N nitrate variations emerged as the primary signal. It has been suggested that the dominant component of variability in all three eastern records was the relative contribution of residual high d 15 N nitrate from zones of water column denitrification, which has tended to be greater during globally warm periods [Galbraith et al., 2004; Ganeshram et al., 1995] .
[12] The implication that relative nitrate utilization near the Gulf of Alaska site has been of only secondary importance in modulating d 15 N bulk over this time period is somewhat surprising, given the nitrate-rich status of surface waters today and the pronounced sensitivity to iron addition experiments [Boyd et al., 2004] . The inferred small ampli- Hendy et al. [2004] , while the Oregon record is the Midway site from the multicores transect, as published by Kienast et al. [2002] . tude of variations in relative nitrate utilization may indicate that the organic matter reaching the core site was derived largely from coastally influenced waters in which nitrate consumption was nearly complete throughout this period; alternatively, changes in organic nitrogen export and nitrate supply rates were strongly correlated, minimizing variations in relative nitrate utilization. Satellite observations of intense, coastally derived eddy activity in the vicinity of the core site [Ladd, 2007] and the identification of coastally sourced iron in the mixed layer of the central Gulf of Alaska [Lam et al., 2006] suggest that the lateral advected supply of iron from the continental shelf may continually support nitrate consumption here, intimately linking this site to the coast. We point out that during the 60-90 ka B.P. window, the Gulf of Alaska d 15 N bulk is lower than that of coeval sediments on the North American margin, which suggests that relative nitrate utilization did vary at this site during earlier episodes.
[13] In contrast, the two western subarctic gyre records, which lie at the heart of the high nitrate low chlorophyll (HNLC) region, clearly show a different pattern of variability over the past 140 ka (Figure 6 ). There, d
15 N bulk decreased sharply between 120 and 130 ka B.P., to reach a minimum near 110-120 ka B.P., after which it gradually increased until reaching a relatively stable plateau that was maintained between 60 ka B.P. and the core tops. 15 N nitrate profiles in the western subarctic Pacific are identical to those of the Gulf of Alaska within <0.5% [Galbraith, 2006] , consistent with rapid lateral exchange within the gyre [Ueno and Yasuda, 2003 ] that maintains regionally homogenous d 15 N nitrate . Assuming that this pansubarctic isotopic homogeneity has reigned throughout the past 140 ka, the differences in d 15 N bulk must be driven by changes in relative nitrate utilization at the western subarctic sites. This is not necessarily surprising, given that the western sites lie beneath waters that are currently more nitrate rich than the Gulf of Alaska (summer concentrations of 13 versus 7 mM), providing a greater potential magnitude of change than in the Gulf of Alaska, and are also closer to the east Asian source of aeolian iron [Duce and Tindale, 1991; Fan et al., 2006] [Altabet et al., 1999; Sigman et al., 2003] , so that the core top d 15 N bulk is currently 8 -9% [Liu et al., 2005] , higher than observed on the margins of central California and Oregon (Figure 7) . The more direct input of OMZ water to the borderlands site should cause the amplitude of past OMZ-derived variability to be substantially greater than in the subarctic Pacific. This could be seen as a boon, since the greater amplitude should have helped OMZ-derived changes in d 15 N nitrate to rise above any background noise, ensuring that they will have dominated this record. Following the reasoning outlined above, subtraction of the borderlands d 15 N nitrate record from the d 15 N bulk of the two western subarctic sites should leave a residual signal that is dominated by changes in relative nitrate utilization.
[15] In order to calculate the differences, each of the three records was linearly interpolated to 1 ka intervals, the mean was removed, and the result smoothed using a 9 ka running average, in order to subdue short-term d 15 N bulk fluctuations with periods less than the chronological uncertainty. Given that the borderlands site lies very close to the ETNP source of isotopic variability, its OMZ-related d
15
N nitrate variability has a larger amplitude than other parts of the Pacific [Galbraith et al., 2004; Kienast, 2000] , so that dilution of ETNP waters should have dampened the amplitude of changes in the subarctic Pacific. Therefore, the normalized ODP site 1012 record should be multiplied by a ''dilution'' coefficient d < 1 prior to subtraction, in order to obtain an amplitude more representative of the expected subarctic variability. Unfortunately, there is no obvious way in which d can be estimated from first principles, since it depends on the relative contribution of OMZ waters to the subarctic Pacific. Indeed, the dilution may have varied over time according to the physical circulation, as suggested by Kienast et al. [2002] , though given the lack of information we currently assume that it was constant. We therefore take a conservative value of d = 0.6, so that the most extreme deviation from the core top value in ODP1012, $À2.5%, produces an inferred OMZ-driven change of À1.5% in the subarctic Pacific. Our results are relatively insensitive to the precise value of d, as they are to minor errors in the age models, as shown in Figure 8 . The interpretation given below assumes that temporal variations of d are minor.
Implications
[16] The western subarctic Pacific d 15 N bulk difference curves, shown in Figure 9 , show a qualitatively different form than either the ODP 1012 or ODP882/MD2416 d 15 N bulk records. The most straightforward interpretation for this is that an extremely consistent relationship has held between global climate and nitrate utilization in western subarctic Pacific surface waters over the past four and a half glacial cycles. The consistency of this relationship can be quantified, very roughly, by the correlation with the benthic d 18 O stack were 0.33 for both MD2416 and ODP1012, while for the difference curve the r 2 is 0.65. This relationship implies that lower deep water temperatures and greater ice sheet volume are generally associated with increased relative utilization of nitrate in the western subarctic Pacific, and that as global benthic d
18
O decreases the relative nitrate utilization decreases in a regular and predictable way. The apparent magnitude of the change depends on the details of the difference calculation ( Figure 5 ), but is generally $2.5-3% per glacial cycle.
[17] This amplitude of glacial-interglacial change can be interpreted semiquantitatively by comparison to the presentday relative nitrate utilization. Assuming Rayleigh distillation kinetics, the integrated organic nitrogen export has an isotopic composition given by
where e is the isotope effect for nitrate incorporation by phytoplankton and f is the fraction of nitrate unutilized on a seasonal basis [Altabet and Francois, 1994; Mariotti et al., 1981] . Although e can vary between species and under different growth conditions [Needoba et al., 2003] , we make the simplifying assumption here that the effective community isotope effect is invariant. The difference in climatological surface nitrate concentrations between January -March and July -September [Conkright et al., 2002] , averaged over the region 166 -169°E and 50-52°N, gives a modern day f of 0.53. Therefore, given an e of 5% [Brunelle et al., 2007] , modern d 15 N export would be expected to be 3.5% lower than d 15 N nitrate . This value is of only slightly greater magnitude than the range of glacialinterglacial change observed in our record of relative nitrate utilization (Figure 9) , the amplitude of which may well be underestimated if the variability in d 15 N bulk is indeed muted, as suggested by the diatom d 15 N. Thus, during full glacial maxima, the consumption of nitrate at the surface of the western subarctic Pacific approached completion in summer, so that it was not the pronounced HNLC region that it is today.
[18] Conceptually, relative nitrate consumption could be increased by two mechanisms: (1) by inhibiting nitrate resupply to the euphotic zone and (2) by increasing the capability of the surface ecosystem to strip nitrate out of the mixed layer through the export of organic nitrogen. The concentrations of biogenic opal and nonlithogenic Ba (Ba-xs) in subarctic Pacific sediments are both strongly reduced during glacial stages (e.g., Figure 9 ), which has been taken as evidence for reduced export production during cold climate periods [Brunelle et al., 2007; Jaccard et al., 2005; Kienast et al., 2004; Narita et al., 2002; Shigemitsu et al., 2007] . Although it has been suggested that the episodes of peak export production occurred during glacial terminations, rather than during interglacials Sarnthein et al., 2006] we assume, for the purposes of this discussion, that the interpretation of lower export production during glacial periods is correct to first order.
[19] General hypotheses of polar ocean stratification [Brunelle et al., 2007; Francois et al., 1997; Jaccard et al., 2005; Sigman et al., 2004] call on enhanced vertical stability of the high-latitude water column to simultaneously explain reduced export and increased nitrate consumption (bottom) The difference curves generated by lagging the MD2416 age model uniformly by both +6 and À6 ka, while the age model for ODP1012 was not varied (note d = 0.6 in both these cases). during the glacial periods, an appeal to the reduced nitrate resupply mechanism. Such a reduction in nitrate supply to the subarctic Pacific surface might have been caused by purely local changes in the physical circulation, such as a change in the pycnocline driven by changes in the freshwater and heat balance. It has, however, been argued that the subarctic Pacific pycnocline actually strengthened through the Holocene [Sarnthein et al., 2004] which, if true, might indicate another explanation. A second possible local circulation change would have been an enhanced exchange between the subarctic and subtropical gyres, so that more nutrient-poor subtropical water was drawn north, thereby reducing surface nutrient concentrations, analogous to the modern subarctic Atlantic. Resolving the relative contributions of such local mechanisms will require detailed proxy reconstructions of the physical circulation history of the North Pacific. Alternatively, a more fundamental change in global ocean circulation could have modulated the subarctic Pacific HNLC remotely, by controlling the distribution of nutrients between the deep ocean and the sunlit surface [e.g., Boyle, 1988; Schmittner, 2005] .
[20] Glacial iron fertilization could, in contrast, have immediately induced the second mechanism by increasing the rate at which phytoplankton were able to export available macronutrients from the subarctic Pacific surface itself. The evidence for reduced export production during the glacial period would seem, at first, to obviate the possibility that iron fertilization caused enhanced glacial nitrate utilization, as discussed by Kienast et al. [2004] . However, iron fertilization at a global scale would most likely have modulated the spatial distribution of export production and remineralization, which would, in turn, have redistributed the nutrient wealth of the ocean, subject to the physical circulation. Such speculative mechanisms could be explored in a numerical model.
[21] Unfortunately, the data currently available do not provide a clear resolution to the relative importance of changes in physical circulation versus changes in micronutrient nutrition. Indeed, the tandem evidence for both Lisiecki and Raymo [2005] , which reflects a combination of globally averaged bottom water temperature and ice sheet volume. The Ba-xs is as published by Jaccard et al. [2005] . The Antarctic Dome C temperature record is from EPICA Community Members [2004] . enhanced glacial dust fluxes [Petit et al., 1999; Ruth et al., 2003] and marked changes in the physical circulation [de Boer et al., 2007; Matsumoto et al., 2002; Sarnthein et al., 2007; Sigman et al., 2004] would suggest that both mechanisms played some role in increasing relative nitrate utilization. At the same time, however, the strength of the correlation between nitrate utilization and global climate apparent in Figure 9 does appeal, on aesthetic grounds, to a relatively simple causal relationship. In addition, the fact that d 15 N records from the Southern Ocean indicate greater nitrate consumption during the glacial maximum [Francois et al., 1997; Robinson et al., 2004; Robinson et al., 2005; Sigman et al., 1999a] , in parallel to the trend observed here, hints that a common physical relationship modulated the nutrient budget of both these polar regions. We note, regardless, that both mechanisms involve a decrease in the rate at which CO 2 would have leaked from the subarctic Pacific surface, increasing the effectiveness of the biological pump in sequestering respired carbon in the ocean interior and thereby contributing toward the low glacial atmospheric pCO 2 [Sigman and Haug, 2003 ].
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